Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by persistent and progressive airflow limitation and impaired gas exchange [1, 2] . It is also associated with chronic inflammation and airway remodeling [1, 2] . Affecting millions of people worldwide, it not only poses a major health threat but represents a significant socioeconomic burden [1] . Furthermore, the prevalence, mortality, and burden of COPD are expected to rise in the coming years, partly due to the failure of current therapeutic strategies to prevent disease progression and exacerbations [1] . Cumulative exposure to cigarette smoke is the single, most outstanding risk factor for COPD; cigarette smoke, which contains and produces numerous oxidants, causes cellular and tissue oxidative stress and thus further leads to exaggerated inflammatory responses and irreversible lung tissue damage [3] [4] [5] . Activated inflammatory and structural cells also produce reactive oxygen species (ROS), contributing to the vicious cycle of oxidative stress and inflammation in this disease [2, 4, 5] . Signs of elevated oxidative stress are evident in both smokers and COPD patients [5] .
The lung is equipped with defense mechanisms against oxidative stress that may result from the normal immune responses to external irritants or the metabolic activity of structural cells [2, 4] . Glutathione (GSH) is one of the notable non-enzymatic players in such antioxidant processes, and its homeostasis, crucial for normal cellular functions, is regulated by a large network of enzymes that includes GSH peroxidases (GPxs). GPxs protect cells and tissues from oxidative damage primarily by reducing hydrogen peroxide (H 2 O 2 ) and related lipid hydroperoxides. Studies showing reduced GSH concentrations and GPx activity in the lungs of cigarette smoke condensate-exposed rats [6, 7] indicate the involvement of these molecules in cigarette smoke-associated pathologies.
Peroxisome proliferator-activated receptor γ (PPARγ) belongs to the nuclear hormone receptor superfamily of transcription factors. Upon ligand-mediated activation, it displays a wide range of biological functions including anti-inflammatory and antioxidant effects [8] [9] [10] that are executed via regulation of other transcription factors, notably nuclear factor-κB (NF-κB). PPARγ can be stimulated by various endogenous compounds such as saturated and polyunsaturated fatty acids, eicosanoid derivatives, and nitrated fatty acids, as well as by synthetic molecules including the thiazolidinediones used to treat type 2 diabetes [11, 12] . Rosiglitazone and pioglitazone reduced cytokine production by alveolar macrophages from COPD patients [13] . These agonists also downregulated pulmonary inflammation in the subchronic tobacco smoke mouse model. Another PPARγ agonist, ciglitazone, showed similar anti-inflammatory effects on lung myeloid dendritic cells isolated from cigarette smokers with emphysema as well as in the mouse model of cigarette smoke-induced emphysema [14] . The wellcharacterized natural PPARγ ligand 15-deoxy-Δ 12,14 -PGJ 2 also decreased the cigarette smoke extract (CSE)-induced production of inflammatory mediators by rat alveolar macrophages [15] . These studies substantiate the roles of PPARγ and its agonists in alleviating cigarette smoke-associated COPD. We previously reported that CSE triggers inflammatory responses and oxidative stress in human lung epithelial cells by downregulating PPARγ [16] . However, molecular mechanisms underlying PPARγ's antioxidant function remain unclear. In this study, we explored the link between PPARγ and GPx3 in CSE-exposed human bronchial epithelial (HBE) cells. We found that expression and activity of GPx3, as well as GSH concentration, were downregulated in COPD lung tissues and HBE cells from COPD patients (COPD HBE cells), whereas oxidative stress, as indicated by increased ROS/H 2 O 2 production, was increased. CSE exposure similarly caused oxidative stress in normal HBE (NHBE) cells, decreasing GPx3 expression and activity and inducing oxidative enzyme expression. Our study further revealed that GPx3 is a direct transcriptional target of PPARγ and mediates the receptor's antioxidant effects in CSE-exposed HBE cells. We accordingly found that PPARγ activation by rosiglitazone blocked CSE-induced GPx3 downregulation and ROS/H 2 O 2 production in these cells. By revealing a molecular mechanism underlying PPARγ's antioxidant effects, these findings support the therapeutic application of PPARγ agonists in COPD.
Materials and methods

Cells, tissue samples, and treatments
HBE cells obtained from Lonza (Walkersville, MD) were grown and maintained in bronchial epithelial cell media (Lonza) supplemented with growth factors and hormones, according to the manufacturer's instructions. These cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 . Monolayer cultures at 90% confluence were deprived of serum for 24 h prior to treatment.
Human lung tissue sampling, agonist and antagonist treatments, transfection, measurement of cytokines, chemokines (ELISA-based kits, R&D Systems, Minneapolis, MN), ROS (Total ROS Activity Assay Kit, AAT Bioquest, Sunnyvale, CA), and H 2 O 2 (Amplex Red Hydrogen Peroxide Assay Kit, Thermo Fisher Scientific), and assessment of transcription factor-DNA binding (ELISA-based kits, Active Motif, Carlsbad, CA) have been described previously [16, 17] .
CSE preparation
CSE was prepared as described previously [16] . Briefly, smoke from research-grade cigarettes (3R4F; Kentucky Tobacco Research and Development Center, University of Kentucky, Lexington, KY) was slowly bubbled into the medium. The extract, defined as 100% CSE, was diluted to the indicated concentrations and used within 10 min of preparation. For control experiments, air was bubbled into the medium.
GPx3 and GSH assay
Levels of GPx3 (AG-45A-0020YEK-KI01; AdipoGen LIFE SCIENCES; San Diego, CA) and GSH (703002; Cayman Chemical; Ann Arbor, MI) were quantified with commercially available kits according to the manufacturers' instructions.
Western blotting
Western blotting was performed as described previously [18] . Primary antibodies against GPx3 (58361), NF-κB p65 (372), PPARγ 
DNA affinity precipitation
DNA affinity precipitation was performed as described previously [17] . Briefly, Dynabeads M-280 Streptavidin (Invitrogen; Carlsbad, CA) were mixed with biotinylated oligonucleotides containing the indicated PPAR response element (PPRE) (Supplemental Table 1 ) and incubated at room temperature for 30 min. Next, the biotinylated oligonucleotidecoupled beads were added to nuclear proteins and incubated for 30 min at room temperature with rotation. Samples were washed three times with cold binding and washing buffer. Bead-bound biotinylated oligonucleotide-protein complexes were eluted and subjected to Western blotting as described above with specific antibodies as indicated. An aliquot of the nuclear sample was set aside without streptavidin bead incubation to be used as an input control.
Chromatin immunoprecipitation (ChIP) assay
SimpleChIP Enzymatic Chromatin Immunoprecipitation kit with magnetic beads (Cell Signaling Technology, Beverly, MA) was used as described previously [19] . Antibody-bound DNA-protein complexes were eluted and subjected to real-time PCR with specific primers that amplified the GPx3 PPRE and β-Actin (Supplemental Table 1 ).
Electrophoretic mobility shift assay (EMSA)
Nuclear extracts from NHBE cells were incubated with 50 nM of the indicated double-stranded oligonucleotides (Supplemental Table 1 ) end-labeled with infrared dye IRDye 700 in binding buffer (100 mM Tris, 500 mM KCl, 10 mM DTT [pH 7.5]), poly(deoxyinosinic-deoxycytidylic) (1 µg/µl in 10 mM Tris, 1 mM EDTA), 25 mM DTT, and 2.5% Tween 20. Samples were then separated on 5% non-denaturing polyacrylamide gels in 1 × Tris-Borate EDTA buffer (130 mM Tris [pH 8.3], 45 mM boric acid, 2.5 mM EDTA). In the supershift assay, the reaction mixture was incubated with anti-PPARγ antibody. The infrared signal was detected using an Odyssey Infrared Imager.
Statistical analysis
Data are presented as the mean ± SD. Differences between groups were analyzed using unpaired t-test or analysis of variance, followed by
A.T. Reddy et al. Free Radical Biology and Medicine 126 (2018) 350-357
a Bonferroni multiple comparison correction. Analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, CA). A P value < 0.05 was considered significant.
Results
GPx3 downregulation in COPD is associated with a reduction in cellular GSH and an increase in oxidative stress
To evaluate the role of GPx3 in the pathophysiology of COPD, we determined the expression and activity levels of GPx3 in COPD patients. Both expression and activity of GPx3 were reduced in COPD lung tissues (Fig. 1A) and COPD HBE cells (Figs. 1A and 1B) compared to their normal counterparts (Figs. 1A and 1B) . The expression of the anti-inflammatory transcription factor PPARγ was decreased while pro-inflammatory NF-κB p65 expression was elevated (Fig. 1A) . We also found lower GSH content in COPD HBE cells than in NHBE cells (Fig. 1C) . GSH has been proposed to be one of the primary antioxidants in the respiratory tract [20] . COPD HBE cells accordingly displayed an increased level of oxidative stress evidenced by enhanced ROS (Figs. 1D and 1E) and H 2 O 2 ( Fig. 1F) production, suggesting impaired antioxidant and anti-inflammatory mechanisms. These results suggest a relationship between downregulated GPx3 and enhanced oxidative state in COPD.
CSE induces inflammatory responses in NHBE cells by downregulating PPARγ and upregulating NF-κB
Bronchial epithelial cells lining the respiratory tract are the first to encounter inhaled hazardous materials, including the numerous gaseous and particulate substances present in cigarette smoke. While providing physical, chemical, and immunological barriers, these cells are also the targets of direct and second-hand cigarette smoke and thus can facilitate COPD pathogenesis [21] [22] [23] . Because cigarette smoking, the major risk factor for COPD, produces lung inflammation and oxidative stress [5, 17] , we assessed HBE cells' response to CSE exposure. We found that CSE downregulated PPARγ's expression ( Fig. 2A) and its DNA binding activity (Fig. 2B ) in HBE cells. Conversely, NF-κB p65 expression ( Fig. 2A ) and its transcriptional activity (Fig. 2C) were enhanced by CSE treatment. Stimulatory phosphorylation of IKKα (NF-κB activator) and suppressive phosphorylation of IκBα (NF-κB inhibitor) were also increased (Fig. 2D) , attesting to the activation of the proinflammatory NF-κB pathway. Accordingly, the levels of the inflammatory molecules TNF-α, IL-6, and IL-8 were also elevated (Fig. 2E) . Thus, CSE induces inflammatory responses in HBE cells.
CSE-induced oxidative stress in NHBE cells is associated with downregulation of GPx3
Cigarette smoke is implicated in causing an oxidant-antioxidant imbalance in cells and tissues [5, 24] . GPx3 is an antioxidant enzyme that provides protection against oxidative stress/damage by catalyzing the reduction of H 2 O 2 . To evaluate whether a decrease in GPx3 expression and activity we observed in COPD samples (Figs. 1A and 1B) is a manifestation of disrupted oxidant-antioxidant balance, we treated NHBE cells with CSE and assessed GPx3 expression and activity as well as the oxidative state. CSE induced the expression of the oxidative enzymes COX2 and NOX4 (Fig. 3A) . Conversely, GPx3 expression (Fig. 3A) and activity (Fig. 3B) were decreased by CSE exposure. Higher intracellular ROS (Fig. 3C ) and H 2 O 2 ( Fig. 3D) production indicated an elevated level of oxidative stress in CSE-treated NHBE cells. Thus, our results suggest that CSE can cause oxidative stress via suppression of GPx3 in addition to other mechanisms such as induction of oxidative enzymes.
GPx3 is a PPARγ target gene
PPARγ elicits many of its biological effects by directly binding to its targets via specific DNA sequences termed PPREs and thus modulating gene expression. To determine whether GPx3 is a PPARγ transcriptional target, we first examined the relationship between GPx3 and PPARγ expression; specifically, GPx3 expression was measured in NHBE cells in which PPARγ was silenced by siRNA, overexpressed, or activated by the well-characterized agonist rosiglitazone. As shown in Fig. 4A , when PPARγ was knocked down, GPx3 expression decreased. Conversely, PPARγ overexpression or activation enhanced GPx3 expression (Fig. 4A) . In each case, control treatment had no effect on GPx3 expression. The rosiglitazone-induced increase in GPx3 was PPARγ-dependent, as this effect was blocked by the absence of PPARγ (Fig. 4A) . In addition, the enhancement of GPx3 expression by PPARγ overexpression was further increased by rosiglitazone (Fig. 4A) . Thus, GPx3 and PPARγ expression exhibit a positive relationship in NHBE cells. Next, the ability of activated PPARγ to physically interact with GPx3 was assessed by DNA-protein affinity assay. Oligonucleotides corresponding to the putative GPx3 PPRE were mixed with nuclear extracts of NHBE cells treated with or without rosiglitazone. Rosiglitazone treatment increased the GPx3 PPRE's association with the cellular PPARγ-containing complexes compared to the control (Fig. 4B) . As expected, the consensus PPRE used as a positive control recovered PPARγ, whereas non-specific oligonucleotides failed to do so (Fig. 4B) . Importantly, mutations in the GPx3 PPRE (Supplemental Table 1 ) abrogated PPARγ binding (Fig. 4B) , indicating the specificity of GPx3 PPRE-PPARγ interaction. These data suggest GPx3 is a direct PPARγ transcriptional target. We also examined the interaction of PPARγ with the GPx3 PPRE by ChIP assay with an anti-PPARγ antibody. The ChIP results recapitulated the PPARγ-GPx3 PPRE interaction seen with the DNA-protein affinity assay (Fig. 4C) . The data from these two assays were further confirmed by an EMSA. GPx3 PPRE-bound PPARγ increased with rosiglitazone treatment (Fig. 4D) . Conversely, PPARγ showed no binding to the mutated GPx3 PPRE or non-specific oligonucleotides (Fig. 4D) . Consensus PPRE binding as well as an anti-PPARγ antibody-induced supershift of the PPARγ-PPRE complex, performed as controls, demonstrated the specificity of PPARγ-PPRE interaction (Fig. 4D ). Together these results indicate that GPx3 contains a PPRE in its promoter region and is a direct PPARγ transcriptional target.
PPARγ activation can block CSE-induced downregulation of GPx3
We then investigated the implications of GPx3 as a PPARγ target in the context of our in vitro COPD system; i.e., the effect of PPARγ transcriptional activity on CSE-induced downregulation of GPx3. Consistent with the data in Figs. 2A and 3A , CSE exposure reduced both PPARγ and GPx3 expression (Fig. 5A-C) . This GPx3 downregulation was accentuated by siRNA-mediated PPARγ knockdown (Fig. 5A) as well as by the PPARγ antagonist GW9662 (Fig. 5B) . In contrast, rosiglitazone treatment blocked CSE-induced GPx3 downregulation (Fig. 5C) . These results suggest CSE reduces GPx3 expression via downregulation of PPARγ expression/activity and that agonist-mediated PPARγ activation can circumvent such effect. were determined by an ELISA-based assay. The data are expressed as the mean ± SD with n = 3. The results were reproduced independently at least two times; **P < 0.01, * ** P < 0.001. At least two independent experiments were performed. Data are expressed as the mean ± SD with n = 3; **P < 0.01, ***P < 0.001.
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GPx3 mediates PPARγ's antioxidant activity
Because GPx3 performs important antioxidant functions, we hypothesized that GPx3 might mediate PPARγ's antioxidant effects in CSE-exposed cells. To determine whether GPx3 is involved in this process, we silenced GPx3 in NHBE cells and assessed the outcome of CSE exposure. Activation of PPARγ by rosiglitazone reduced oxidative stress, as measured by intracellular ROS (Fig. 6A ) and H 2 O 2 ( Fig. 6B) production, in CSE-exposed NHBE cells. However, GPx3 deficiency dampened this rosiglitazone effect on CSE-induced ROS and H 2 O 2 production to less than 20%, whereas production in control siRNAtreated cells remained above 70% of the baseline (Figs. 6C and 6D) . Taken together, our data argue that PPARγ counteracts CSE-incurred oxidative stress by modulating GPx3 expression. Fig. 4 . GPx3 is a PPARγ transcriptional target. PPARγ in NHBE cells was silenced by PPARγ-specific siRNA, overexpressed via a PPARγ expression plasmid, or activated by 1 μM rosiglitazone; in each case, an appropriate control (scrambled siRNA, control expression plasmid, or vehicle, respectively) was included. In some experiments PPARγ-silenced or PPARγ-overexpressing cells were treated simultaneously with rosiglitazone. Following treatment: (A) Whole cell extracts were obtained and subjected to Western blotting for PPARγ and GPx3 expression. β-Actin served as a loading control. The results were reproduced independently at least two times. A representative image is shown. (B) Nuclear extracts were obtained and incubated with beads coupled to the biotinylated double-stranded oligonucleotides corresponding to the following: the wildtype (WT) or mutated (Mut) GPx3 PPRE, the consensus PPRE (positive control), or a non-specific sequence (negative control). Bead-bound oligonucleotide-protein complexes were eluted and subjected to Western blotting to determine the presence of PPARγ. Lamin B1 was used as a nuclear marker. The results were reproduced independently at least two times. A representative image is shown. (C) Chromatin was crosslinked and immunoprecipitated with antibodies to IgG (negative control) or PPARγ. Antibody-bound DNA-protein complexes were then subjected to real-time PCR with primers that specifically amplified the GPx3 PPRE. The data are expressed as the mean ± SD with n = 3 and the results were reproduced independently at least two times; *** P < 0.001. (D) Nuclear extracts were obtained and incubated with IR700 (red)-labeled double stranded oligonucleotides corresponding to the following: the WT or Mut GPx3 PPRE, the consensus PPRE, or a non-specific sequence. The supershift assay with anti-PPARγ antibody was performed to demonstrate the specificity of the interaction. The results were reproduced independently at least two times. A representative image is shown. Fig. 5 . CSE-induced downregulation of GPx3 correlates with PPARγ expression/activity. (A) NHBE cells, transfected with PPARγ-specific siRNA or scrambled siRNA (negative control), were treated with air (negative control) or 10% CSE for 6 h. Following treatment, whole cell extracts were obtained and subjected to Western blotting for PPARγ and GPx3 expression. (B) NHBE cells, treated with the PPARγ antagonist GW9662 (1 μM) or vehicle control, were exposed to air (negative control) or 10% CSE for 6 h. Following treatment, whole cell extracts were obtained and subjected to Western blotting for PPARγ and GPx3 expression. (C) NHBE cells, treated with 1 μM rosiglitazone or vehicle control, were exposed to air (negative control) or 10% CSE for 6 h. Following treatment, whole cell extracts were obtained and subjected to Western blotting for PPARγ and GPx3 expression. In all experiments, β-Actin served as a loading control. The results were reproduced independently at least two times. A representative image is shown.
Discussion
Numerous oxidants found in cigarette smoke, a major risk factor in COPD, disturb the balanced redox state normally maintained by cells and tissues [25] . They also contribute to the oxidative burden indirectly by activating inflammatory and structural cells that produce ROS [2, 25] . The results of these events are chronic oxidative stress and inflammation, as seen in COPD.
PPARγ is a nuclear receptor with anti-inflammatory and antioxidant properties [8] [9] [10] . To elucidate the molecular mechanisms of PPARγ's antioxidant functions, in the present study we investigated the link between PPARγ and the plasma/extracellular antioxidant GPx3. We found a positive association between PPARγ and GPx3 expression/activity in HBE cells and revealed that GPx3 is a PPARγ transcriptional target that mediates the receptor's antioxidant effects (Fig. 7) .
Oxidative stress inhibits PPARγ transcription [26] . As this observation implies, the PPARG gene was found to be downregulated in smokers with emphysema, a pathological feature of COPD [14] . Conversely, in cigarette smoke-exposed mice, PPARγ and PPARγ agonists have displayed protective effects against the airspace enlargement indicative of emphysema pathology [14, 27] . Similar benefits have been reported in other diseases associated with increased oxidative burden [28] [29] [30] . Yet molecular mechanisms underlying these effects have so far remained unclear. We extend these earlier studies by identifying GPx3 as a direct transcriptional target of PPARγ that mediates its antioxidant effects in HBE cells. Similarly, in the context of obesity and diabetes, PPARγ has been shown to reduce the oxidative burden in skeletal muscle [31] and adipocytes/adipose tissues [32] via regulation of GPx3. It will thus be intriguing to investigate whether the PPARγ-GPx3 pathway plays a crucial role in other diseases linked with oxidative stress [33] .
We showed a reduction in GPx3 expression in lung tissues from patients with advanced COPD. Its expression and activity were similarly downregulated in COPD HBE cells as well as in CSE-treated NHBE cells. Our findings are consistent with clinical data; a study reported reduced GPx activity in smokers with COPD compared to healthy controls (smokers or non-smokers) [34] . GPx activity was also lower in COPD patients compared to healthy controls [35] , in severe COPD compared to moderate disease [35, 36] , and in moderate COPD compared to mild disease [35, 37] . Moreover, Golpon et al. reported downregulation of the GPX3 gene in patients with severe emphysema [38] . Together, these data suggest that GPx3, especially since it is an extracellular enzyme that can be readily measured, can serve as a useful biomarker for COPD. Fig. 6 . GPx3 mediates PPARγ's antioxidant effects on CSE exposure. Level of intracellular oxidative stress was examined by fluorescence-based assays of ROS (A and C) and H 2 O 2 (B and D) production after the following treatments: (A and B) NHBE cells, treated with 1 μM rosiglitazone or vehicle control, were exposed to air (negative control) or 10% CSE for 6 h. (C and D) NHBE cells, transfected with GPx3-targeting or control scrambled siRNA, were treated with 1 μM rosiglitazone or vehicle control. All the test groups were then exposed to 10% CSE for 6 h. The data are expressed as the mean ± SD with n = 3 and the results were reproduced independently at least two times; *P < 0.05, *** P < 0.001. Fig. 7 . PPARγ and GPx3 provide protection against cigarette smoke-induced oxidative stress and inflammation. Cigarette smoke downregulates PPARγ and upregulates NF-κB signaling, leading to oxidative stress and exaggerated inflammatory responses in cells. In the presence of an activating ligand (L), however, PPARγ's transcriptional activity is stimulated and GPx3 expression and activity are induced. Consequently, oxidative stress and inflammation are reduced.
GPx3 knockdown attenuated rosiglitazone's ability to suppress CSEinduced ROS and H 2 O 2 production by more than 50%, which implies that GPx3 is the primary but probably not the sole mediator of PPARγ's antioxidant function in HBE cells. PPARγ has been shown to directly regulate transcription of other antioxidants such as catalase [39] , SOD1 [40, 41] , and SOD2 [42] via PPREs found in their promoter regions. In addition, PPARγ and its ligands have been reported to negatively regulate NOX expression and downregulate oxidative burden [43] [44] [45] [46] . Thus, while our data support GPx3's prominent role in the PPARγ-mediated cellular response to CSE exposure, it will be interesting to determine whether any of the other redox pathways may be involved in PPARγ's effect on COPD pathophysiology.
Conclusion
In this study, we have provided the first evidence that GPx3 plays a prominent role as a mediator of PPARγ's antioxidant effects on the response to CSE exposure. Furthermore, we showed that PPARγ activation blocks CSE-induced GPx3 downregulation as well as ROS and H 2 O 2 production. Currently, there are no treatments available to COPD patients that reverse the pathology or prevent disease progression. Thus, further understanding of the molecular mechanisms underlying disease pathogenesis is of potential clinical value. Our findings support the therapeutic potential of PPARγ agonists to target inflammation and oxidative damage in COPD.
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